Introduction {#sec0001}
============

Idiopathic pulmonary fibrosis (IPF) is a type of pulmonary disorder that results in scarring of the lungs for an unknown reason. It is a form of interstitial lung disease, primarily causing inflammation in lung tissue and space surrounding the air sacs of the lungs, ultimately causing thickened, stiff tissue formation that leads to difficulty in breathing. Apart from its poor prognosis, it was reported that the survival rate is as low as 2--5 years after diagnosis of the IPF ([@bib0036]). Besides low survival rate, IPF patients face scarcity of effective drugs. Although there are two growth factor inhibitors (pirfenidone and nintedanib) in the clinical practice, their usage is limited because of low efficacy and patient noncompliance ([@bib0025]). In clinical-trials, pirfenidone and nintedanib did not show any statistically significant difference from placebo in terms of mortality and morbidity. In addition to that, pirfenidone induced the increased incidence of nausea, dyspepsia, vomiting, rashes, and dizziness whereas nintedanib caused severediarrhea, elevated levels of aspartate aminotransferase and alanine aminotransferase ([@bib0017]). Recent data on COVID-19 suggested that there could be a substantial fibrotic consequences following SARS-CoV-2 infection ([@bib0012]; [@bib0042]). Given the scale of the pandemic, the burden of IPF following SARS-CoV-2 infection is likely to be high; hence developing new anti-fibrotic agents may help in such pandemics. Therefore, there is an immediate need for the development of effective treatment against IPF.

One of the initiating dynamic forces behind the cascade of fibrotic events is epithelial to mesenchymal transition (EMT), a process where epithelial cells gain mesenchymal morphology by increasing the expression of mesenchymal markers and reducing the expression of epithelial markers, which are responsible for tight junctions formation ([@bib0039]). LOXL-2 is a copper-dependent monoamine oxidase that contributes to the remodelling of the extracellular-matrix (ECM) by cross-linkage of collagen and elastin fibres. ECM/LOXL-2 has emerged as a potential therapeutic target in cancer and fibrosis. EMT, ECM production, and collagen deposition are the three major sequential events, which are actively involved in the progression and maintenance of the IPF ([@bib0007]; [@bib0046]).

Biochanin-A (BCA), an organic isoflavone, has been categorized as a special phytoestrogen ([@bib0035]). Despite BCA exhibits poor bioavailability still, BCA exhibited various protective bioactivities such as anti-inflammatory ([@bib0021]; [@bib0033]), anti-oxidant, antiallergic, antidiabetic ([@bib0015]; [@bib0027]) and anticancer activities against various forms of cancer ([@bib0044]; [@bib0051]). It is well known that EMT and inflammation are the two vital processes in the pathogenesis of IPF. It was reported that, BCA attenuated the EMT process in various cancers (including lung cancer) and showed potent anti-cancer activity by inducing the cell cycle arrest and apoptosis ([@bib0048]). These beneficial effects of BCA prompted us to investigate anti-fibrotic activity against IPF. In the present study, we investigated the anti-fibrotic activity of BCA against TGF-β mediated cellular changes and functional parameters in *in vitro*/*ex vivo* systems. Further, we focused on elucidating the therapeutic role and possible mechanism of action of BCA against BLM-induced pulmonary fibrosis *in vivo* model. Overall, our study highlights the protective role of BCA against IPF in the *in vitro, ex vivo* and *in vivo* models and therefore we propose a viable therapeutic approach for this unmet medical need.

Materials and methods {#sec0002}
=====================

Cell-lines and cell culture {#sec0003}
---------------------------

LL29 cells (lung fibroblasts from IPF patient) were purchased from ATCC and cultured in Ham\'s F-12 K medium with 15% FBS. Primary lung fibroblasts cells, NHLF (Normal human lung fibroblasts) and DHLF (Diseased (IPF) human lung fibroblasts) cells were purchased from LONZA (MD, USA) and cultured in FGF™-2 medium. All the cells were maintained in a humidified atmosphere of 95% air with 5% CO~2~ at 37 °C. All experiments were performed on cells between passages 2 - 6 and at the confluence of 70--90%. All *in vitro* experiments were conducted 3 times as a biological repeat and each biological repeat has three technical repeats.

Cell-viability by SRB assay {#sec0004}
---------------------------

Cells were seeded in a 96 well plate (8 × 10^3^ cells/well), after 12 hr of attachment, cells were treated with either DMSO (vehicle control) or BCA (TCI, KITA-KU, Tokyo, Japan) at various concentrations (500, 250, 125, 62.5, 31.25, 15.65 and 7.7 µM) and then cells were incubated for 72 h. The purity of BCA was \> 98% and the chemical structure of BCA was shown in Fig S1. Further, IC~50~/cell viability was determined with sulforhodamine-B (Sigma Aldrich, St Louis, MI, USA) assay ([@bib0026]). IC~50~ was calculated by curve-fit method using GraphPad Prism-5.

TGF-β stimulation/hypoxia induction {#sec0005}
-----------------------------------

After reaching 70% of confluence, cells were subjected to serum starvation for 24 h then cells were pre-treated with BCA (10, 20 and 30 µM) for 2 h in serum-free media, thereafter, cells were treated with rTGF-β (R&D Systems, MN, USA) at a concentration of 5 ng/ml for 72 h ([@bib0018]; [@bib0029]). For hypoxia-based experiments, cells were treated with BCA (10, 20 and 30 µM) for 2h and then cultured in presence of 1% oxygen using a tri-gas incubator (Thermo Fisher, Waltham, MA) for 72h.

RNA isolation, cDNA synthesis and RT-qPCR {#sec0006}
-----------------------------------------

RNA isolation was carried out using trizol as described earlier ([@bib0004]). Briefly, RNA was isolated using the trizol-chloroform method and total RNA was quantified using nano-drop. cDNA synthesis was performed using 1 μg of RNA with primescript cDNA synthesis kit (Takara bio-India) according to manufacturer\'s instructions. Primers for EMT (Twist1, Fibronectin-I (FN-I), Vimentin and SNAIL) markers, MET markers (E-cad), ECM markers (TIMP-I, TIMP-III, α-SMA and LOXL-2), collagen markers (CTGF, COL1A1, and COL3A1) and reference markers (β2M, GAPDH and β-actin) were designed using Primer-3 software and sequences were shown in Table S1. RT-qPCR was carried out using SYBR green mix and the relative expression of mRNA was calculated using the comparative Ct (ΔCt) and data was expressed as Mean ±SEM.

Immunofluorescence and western-blot analysis {#sec0007}
--------------------------------------------

NHLF, DHLF and LL29 cells were pre-treated with either DMSO or BCA (10 µM, 20 µM or 30 µM) for 2 h and then cells were cultured in presence or absence of TGF-β (5 ng/ml) for another 72 h. After a treatment period, immunofluorescence assay was performed as described in previous study ([@bib0041]). Briefly, cells were fixed with methanol: acetone (24:1) at 4 °C. Then cells were permeabilized with PBS containing Triton-X 100, blocked with 1% BSA and probed with antibodies (E-cad, α-SMA, COL1Al and FN-I (Abcam, USA)). Thereafter, cells were probed with secondary antibody tagged with FITC (1:200 dilution) followed by mounting, thereafter, cells were visualized under confocal microscope FLUOVIEW FV 10i (Olympus, USA) with 60 × magnification or epifluorescence microscope (Olympus, USA) at 20 × magnification. Image processing and quantification were performed using ImageJ software. For Corrected Total Cellular Fluorescence (CTCF) quantification, fluorescence intensity was first normalized to the number of nuclei. Then, change in intensity under various conditions was plotted relative to the control. For western-blot analysis, cells or tissue homogenates were subjected to protein isolation using RIPA lysis buffer, and then protein concentrations were estimated using bicinchoninic acid reagent. Thirty μg of protein per sample was loaded onto SDS-PAGE Bis-Tris 8--10% protein gel for electrophoresis and then transferred onto polyvinylidene difluoride (PVDF) membranes (0.45 μm, Millipore, Billerica, MA, USA). After protein transfer, PVDF membranes were blocked with 5% BSA (Bovine serum albumin (Sigma Aldrich, USA)) for 1 h at room temperature and then blots were incubated with appropriate primary antibodies overnight at 4 °C. β-actin (Cell signalling technology, Massachusetts USA) served as the loading control Secondary antibodies (Jackson Laboratory, USA) and an ECL kit (Pierce, Waltham, MA, USA) were employed to generate chemiluminescent signals. All immunoblot results represent triplicate repeats. Densitometry analysis was performed using ImageJ software.

*In vitro*-wound-healing assay {#sec0008}
------------------------------

An equal number of NHLF, DHLF and LL29 cells were seeded in 6-well plates. On attaining 100% confluence, cells were serum starved for 24 hr in serum-free medium thereafter, subsequently two scratch wounds were made using a sterile P-200 pipette-tip in each well. Then cells were treated with BCA for 2 h, post 2 h incubation, TGF-β (5 ng/ml) was added to all the wells except vehicle control well. Photomicro-graphs were taken at 0 h, 24 h, 48 h and 72 h of post wound generation, wound area was calculated by Image J software and percentage of wound closure was calculated and analyzed by using Graph pad Prism-5.

Experimental animals {#sec0009}
--------------------

Adult female Wistar rats (180--200 g, *n* = 50) at the age of 8--10 weeks were used to develop bleomycin induced pulmonary fibrosis model. C57BL/6 J mice (6--8 weeks) were used for isolation of precision-cut mouse lung slices and lung derived cells. All animals were kept under constant environmental and nutritional conditions throughout the experimental period. All experimental protocols (*in vivo* and *ex vivo*) were approved (IICT/084/2020) in the Institutional Animal Ethics Committee of the CSIR-IICT, Hyderabad, Government of India.

Precision-cut mouse lung slices (PCMLS) and derived cells {#sec0010}
---------------------------------------------------------

Lung tissues were isolated aseptically from C57BL/6 J mice (6--8 weeks old) and transferred into a sterile container and sliced into small pieces of about 10 mm^3^. PCMLS (\~300--600 μm thickness) were prepared manually and cultured in a 6- well plate (5 slices/well) as described previously ([@bib0034]). After four days of culturing, PCMLS were serum starved for 24 h in serum-free medium and then treated with BCA (20 µM) for 2 h. Further, PCMLS were cultured in the presence or absence of mouse-rTGF-β1 (5 ng/ml) for 72 h. Thereafter, cells were harvested for downstream experiments such as RT-qPCR and western-blot analysis. Cells derived (by trypsinization) from PCMLS were counted and seeded for immunofluorescence assay and wound healing assays.

Induction of pulmonary fibrosis and BALF analysis {#sec0011}
-------------------------------------------------

Pulmonary fibrosis was induced by a single intratracheal instillation of BLM (5 mg/kg) to the set of animals (*n* = 40) excluding sham control animals (*n* = 8) ([@bib0002]). BLM was dissolved in saline to attain the concentration of 5 mg/ml. Animals were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg). BLM was administered intratracheally (5 mg/kg) to the anesthetized Wistar rats and saline was administered intratracheally in to sham control animals. Post BLM administration, body weight reduction was calculated (on 14^th^ day) and the animals which showed body weight reduction (around 10%) were included in the study. Further, these animals were randomised into four groups (namely, BLM control, BLM ++BCA-5 mg/kg, BLM ++BCA-10 mg/kg and BLM ++pirfenidone-50 mg/kg) apart from sham control (8 rats/group). Rats were treated with 5 mg/kg/day or 10 mg/kg/day of BCA or 50 mg/kg of pirfenidone orally for another 14 days. BCA doses 5 mg/kg/day and 10 mg/kg/day were similar to the doses used by previous studies in literature ([@bib0009]; [@bib0019]). BCA was given in a suspension form (gum-acacia 0.25%) and pirfenidone (Kind gift from Sun Pharmaceutical Industries Ltd, India) was given in a solution form (dissolved in sterile water), BLM control group animals were received vehicle suspension (gum-acacia 0.25%) and sham control animals were received saline. The rats were anesthetized 28 days after BLM induction, the bronchoalveolar lavage fluid (BALF) was collected by intratracheal instillation and draining of 1.5 ml saline for two times. The lung tissues were excised for pulmonary coefficient measurement (lung weight/body weight). The left lower lobes were fixed in 10% formalin for the examination of histopathology and the other lung tissue samples were stored at -80 °C for RT-qPCR, western-blot analysis and hydroxylproline assays.

BALF samples were centrifuged at 300 g for 5 min at 4 °C and then cell pellets were re-suspended in 1 ml of PBS to quantify inflammatory cell counts in cell counter (SIEMENS, ADVIA 2120i); supernatant BALF was examined for ALP and LDH parameters using auto-analyzer (Siemens, Germany).

Hydroxyproline assay {#sec0012}
--------------------

Collagen deposition was determined by measuring the total hydroxyproline content in wet lung tissue, which was measured by a hydroxyproline assay kit (Abcam), according to the manufacturer\'s protocol. Briefly, lungs were homogenized in sterile distilled water and subjected to alkaline hydrolysis using 10 N NaOH and heated at 120 °C for 1 h. Following alkaline hydrolysis, samples were neutralized with 10 N HCL. Then samples were transferred to 96-well plates and kept for evaporation at 65 °C. Further, samples were oxidized by adding an oxidation mixture followed by the addition of the developer and then samples were incubated at 37 °C for 5 min. Further, DMAB was added and incubated at 65 °C for 45 min and absorbance was measured at 560 nm using a microplate reader. The concentration of total hydroxyproline (µg/mg of wet tissue) was calculated.

Histopathology and immunohistochemistry {#sec0013}
---------------------------------------

A portion of the pulmonary lobe was harvested, rinsed with ice-cold phosphate buffer saline, and fixed with 10% neutral-buffered formalin, embedded in paraffin wax, sectioned (6 μm) and stained with H&E and Masson\'s trichrome. Three serial slices of 3 μm thickness each 50 μm apart of both lung lobes were stained with Masson\'s Trichrome. The slides were analyzed with a microscope in a random order using an (10 ×) objective. The severity of fibrosis and alveolitis in lung tissues (using H&E and Masson\'s trichrome staining) was semi-quantitatively assessed by a pathologist in a blinded fashion via Ashcroft scoring system ([@bib0003]). The structural alterations of tissue were assessed based on the degree haemorrhage, emphysema, alveolar wall thickening, inflammatory lesions and collagen deposition or fibrosis ([@bib0052]).

Immunohistochemistry was performed as described in previous protocol ([@bib0024]). In- brief, tissue sections were incubated with primary antibodies (E-cad, FN-I and α-SMA) for overnight. Then sections were washed and stained with secondary anti-rabbit antibody tagged with horseradish peroxidase (HRP) enzyme (Jackson Laboratory, USA) on the following day protein expression was detected using Signal Stain® DAB Chromogen kit (Cell Signaling Technology, USA). The immunohistochemical intensity was semi-quantitatively scored by an experienced pathologist based on the intensity of the primary antibody staining. Highest intensity was graded \'high\' (+++), moderate intensity was graded \'medium\' (++) and lowest intensity was graded as \'low\' (+).

Statistical analysis {#sec0014}
--------------------

Statistical significance was determined using student\'s t-test, ANOVA and two-way ANOVA. Curve-fit method was used to analyse IC~50~ value. Results were shown as Mean±SEM. Values of \* *p* \< 0.05, ^⁎⁎^ *p* \< 0.01, \*\*\* *p* \< 0.001 were considered significant. NS signifies non-significant.

Results {#sec0015}
=======

Fibrotic gene/markers were over-expressed in IPF cells and BCA selectively reduced the expression of fibrotic markers in IPF cells {#sec0016}
----------------------------------------------------------------------------------------------------------------------------------

Fibrosis is a progressive disorder, characterized by the over expression of various fibrotic genes which are involved in differentiation, EMT, ECM production and collagen deposition. In order to estimate the basal gene expression of fibrotic genes in NHLF, DHLF and LL29 cells RT-qPCR assays were employed. Gene expression assays revealed that, majority of the fibrotic genes (TGF-β1, α-SMA, Twist-I, SNAIL, COL3A1 and CTGF) were significantly (*p* \< 0.01) up-regulated in DHLF and LL29 cells compared to NHLF ([Fig. 1](#fig0001){ref-type="fig"} A and B). Other fibrotic genes such as TIMP-I, TIMP-III, FN-I, vimentin and COL1A1 were also over-expressed in IPF cells ([Fig. 1](#fig0001){ref-type="fig"}A and B). In addition to mRNA levels, protein expression of α-SMA, FN-I and COL1A1 (1C-1F) were also significantly (*p* \< 0.001) increased in IPF cells.Fig. 1Fibrotic gene/markers were over-expressed in IPF cells and BCA showed selective inhibition towards IPF cellsNHLF, DHLF and LL29 cells were cultured and subjected to RT-qPCR analysis for the specified transcripts A-B) Gene expression analysis. Parallel dishes were subjected to immunofluorescence for α-SMA, Fibronectin and COL1A1. C-F) Immunofluorescence analysis in NHLF, DHLF and LL29 cells, respectively. Cells (5 × 10^5^) were cultured and treated with BCA or vehicle for 72 h then subjected to RT-qPCR. Gene expression analysis in G) PCLMS, H) NHLF, I) LL29 cells and J) DHLF was performed using specified primers. Results were shown as Mean ± SEM, *n* = 3. ∗ *p* \< 0.05, ∗∗ *p* \< 0.01, ∗∗∗ *p* \< 0.001.Fig 1

To determine the IC~50~ of BCA, cell viability assay was performed using all three cell types. SRB assay revealed, 50% cell death was observed at a concentration of 73.55 ± 0.3 µM, 79.73 ± 0.22 µM and 103.02 ± 0.3 µM in NHLF, DHLF and LL29 cells respectively (Fig. S1B, S1C and S1D). Based on the results of IC~50~, non-cytotoxic doses were finalized (10, 20 and 30 µM) and validated (Fig. S1E) in all cell types including cells derived from PCMLS. Similar doses were used in previous studies to demonstrate the anti-inflammatory activity of BCA ([@bib0020]; [@bib0028]). To determine the selectivity and specificity of the BCA against IPF cells, gene expression analysis was performed in presence or absence of BCA (20 µM) in normal (PCMLS and NHLF) and IPF lung cells (DHLF and LL29). Surprisingly, results revealed that, majority of the genes (except TIMP-I in LL29) were significantly (*p* \< 0.001) down regulated (\~50% gene expression) in IPF cells ([Fig. 1](#fig0001){ref-type="fig"}G and H) in contrast to non-IPF cells (only a few were down-regulated) ([Fig. 1](#fig0001){ref-type="fig"}I and J). Hence, this data suggests that, treatment with BCA selectively suppress the expression of fibrotic genes in IPF cells where basal levels of fibrotic genes were highly over expressed.

BCA ameliorated the TGF-β induced expression of EMT genes/markers {#sec0017}
-----------------------------------------------------------------

In *in vitro* studies, TGF-β1 plays a major role in the induction of EMT, which is the driving force for myofibroblasts conversion ([@bib0008]). Therefore, gene expression analysis was performed to assess the effect of BCA on EMT markers in TGF-β stimulated cells ([Fig. 2](#fig0002){ref-type="fig"} ). TGF-β1 treatment resulted in significant increase in the expression of EMT genes (Vim, FN-I, SNAIL and Twist-I) ([Fig. 2](#fig0002){ref-type="fig"}A-K). Vimentin (in NHLF) and Twist-I (in NHLF and DHLF) levels were not modulated upon treatment with TGF-β1 ([Fig. 2](#fig0002){ref-type="fig"}A, D and H). On the other-hand BCA treatment significantly (*p* \< 0.001) suppressed the expression of EMT genes in NHLF ([Fig. 2](#fig0002){ref-type="fig"}B and C), DHLF ([Fig. 2](#fig0002){ref-type="fig"}E-G) and LL29 cells ([Fig. 2](#fig0002){ref-type="fig"}I-K). To further confirm the effects of BCA on EMT markers, immunofluorescence assay was carried out for FN-I ([Fig. 2](#fig0002){ref-type="fig"}L-N) and it revealed that, increased expression of FN-I in TGF-β1 treated cells and significantly (*p* \< 0.001) reduced expression of FN-I in BCA treated NHLF ([Fig. 2](#fig0002){ref-type="fig"}L and S2A), DHLF ([Fig. 2](#fig0002){ref-type="fig"}M and S2B) and LL29 cells ([Fig. 2](#fig0002){ref-type="fig"}N and S2C).Fig. 2BCA treatment attenuated the TGF-β-induced expression of EMT genes/markers: Cells were pre-treated with BCA for 2 h, thereafter rTGF-β added to the cells and cultured for 72 h. Further, cells were subjected to RT-qPCR for the specified transcripts in A-D) NHLF, E-H) DHLF, I-K) LL29. Parallel dishes were subjected to immunofluorescence assay for FN-1 protein. L-N) Immunofluorescence analysis in NHLF, DHLF and LL29 cells, respectively. Results are shown as Mean ± SEM, *n* = 3. ∗ *p* \< 0.05, ∗∗ *p* \< 0.01, ∗∗∗ *p* \< 0.001.Fig 2

BCA abrogated the TGF-β induced expression of ECM markers {#sec0018}
---------------------------------------------------------

ECM plays a distinct role in organizing the tissue architecture and regulation of cell function. This dynamic activity is controlled partly by Matrix-Metallo-Proteinase (MMP) and Tissue Inhibitors of Metalloproteinase (TIMPS). Therefore, we investigated the expression of ECM markers (TIMP-I and TIMP-III) and it is supporting markers (LOXL-2 and α-SMA) levels in cell lines ([Fig. 3](#fig0003){ref-type="fig"} ). TGF-β1 stimulation significantly enhanced ([Fig. 3](#fig0003){ref-type="fig"}A-L) the expression of ECM markers in normal and IPF cells. In-line with EMT marker\'s expression, BCA treatment also attenuated the expression of α-SMA, TIMP-I, TIMP-III and LOXL-2 in NHLF ([Fig. 3](#fig0003){ref-type="fig"}A-D), DHLF ([Fig. 3](#fig0003){ref-type="fig"}E-H) and LL29 ([Fig. 3](#fig0003){ref-type="fig"}I-L) cells in a dose dependent manner (except in LL29 cells). Additionally, to validate these results, protein expression analysis was performed for α-SMA. Immunofluorescence results revealed that, BCA treatment significantly (*p* \< 0.001) diminished the TGF-β1 mediated α-SMA expression and distribution in NHLF ([Fig. 3](#fig0003){ref-type="fig"}M, S3A), DHLF ([Fig. 3](#fig0003){ref-type="fig"}N, S3B) and LL29 ([Fig. 3](#fig0003){ref-type="fig"}O, S3C) cells. Taken together, BCA treatment significantly (*p* \< 0.01, *p* \< 0.001) reduced the ECM marker expression in TGF-β1 stimulated fibroblast cells.Fig. 3BCA treatment ameliorated the TGF-β-induced expression of ECM markers: Cells were pre-treated with BCA for 2 h, thereafter rTGF-β added to the cells and cultured for 72 h. Further, cells were subjected to RT-qPCR for the specified transcripts in A-D) NHLF, E-H) DHLF, I-L) LL29.  Parallel dishes were subjected to immunofluorescence analysis for α-SMA protein. M-O) Immunofluorescence analysis in NHLF, DHLF and LL29 cells, respectively. Results were shown as Mean ± SEM, *n* = 3. ∗ *p* \< 0.05, ∗∗ *p* \< 0.01, ∗∗∗ *p* \< 0.001.Fig 3

BCA attenuated the expression of collagen deposition markers via TGF-β/Smad-3 pathway {#sec0019}
-------------------------------------------------------------------------------------

TGF-β1/Smad cascade is a key fibrotic axis that drives EMT by increasing the ECM synthesis and collagen deposition. TGF-β1 stimulation phosphorylates Smad2/3 and modulates the target gene expression ([@bib0010]). To investigate the effect of BCA on TGF-β1/Smad signaling pathway, expression levels of Smad2 and Smad7 were measured in TGF-β1 treated cells and results revealed that, Smad2 expression levels ([Fig. 4](#fig0004){ref-type="fig"} A, E and I) were increased in TGF-β treated cells and smad7 levels ([Fig. 4](#fig0004){ref-type="fig"}M, N and O) were significantly reduced, it indicates that, TGF-β/Smad signaling has been activated in the test system. BCA treatment significantly (*p* \< 0.001) attenuated the Smad2 levels and elevated the smad7 mRNA levels in a dose dependent manner in NHLF ([Fig. 4](#fig0004){ref-type="fig"}A and M), DHLF ([Fig. 4](#fig0004){ref-type="fig"}E and N) and LL29 ([Fig. 4](#fig0004){ref-type="fig"}I and O) cells.Fig. 4BCA treatment attenuated the TGF-β/smad3 axis induced expression of collagen depositing markers: Cells were pre-treated with BCA for 2 h, thereafter rTGF-β added to the cells and cultured for 72 h. Further, cells were subjected to RT-qPCR for the specified transcripts in A-D) NHLF, E-H) DHLF, I-L) LL29.  M-O) Smad7 mRNA expression in NHLF, DHLF and LL29 cells, respectively. Results were shown as Mean ± SEM, *n* = 3. ∗ *p* \< 0.05, ∗∗ *p* \< 0.01,∗∗∗ *p* \< 0.001.Fig 4

Expression of collagen deposition markers were significantly (*p* \< 0.001) elevated in TGF-β treated cells, whereas treatment with BCA significantly reduced the same (CTGF, COL1A1 and COL3A1) in NHLF ([Fig. 4](#fig0004){ref-type="fig"}B-D), DHLF ([Fig. 4](#fig0004){ref-type="fig"}F-H) and LL29 cells ([Fig. 4](#fig0004){ref-type="fig"}J-L). Gene expression results were corroborated with immunofluorescence analysis of COL1A1 in NHLF (Fig. S4A and S4D), DHLF (Fig. S4B and S4E) and LL29 cells (Fig. S4C and S4F). Overall, these results revealed that, BCA treatment attenuated the TGF-β mediated over expression of EMT, ECM and collagen deposition markers in normal and IPF cells.

BCA abrogated the hypoxia induced fibrotic-gene expression in LL29 cells {#sec0020}
------------------------------------------------------------------------

Hypoxia has been reported to promote TGF-β1 expression in various fibrotic disorders ([@bib0014]). To confirm this gene expression analysis was performed (Using LL29 cells) for fibrotic markers (TGF-β, α-SMA, LOXL-2, COL1A1 and COL3A1) under hypoxic conditions. To confirm the induction of hypoxia, HIF1-α and VEGF mRNA levels were measured. The mRNA expression results revealed that HIF1-α and VEGF levels were significantly (*p* \< 0.01) increased in hypoxia control (Fig. S5A and S5B). Thereafter, cells were treated with BCA and cultured in hypoxia condition for 72 hr. Interestingly, key fibrotic gene TGF-β1 was significantly (*p* \< 0.05) up-regulated along with other fibrotic markers in hypoxia control, however, BCA treatment reduced the expression of fibrotic markers in a dose dependent manner (Fig. S5C-G). Overall, these results further confirmed that, fibrotic cascade activation by TGF-β pathway was significantly reduced by BCA treatment in IPF cells.

BCA attenuated the expression of fibrotic markers in PCMLS {#sec0021}
----------------------------------------------------------

To confirm the *in vitro* results of BCA, experiment were performed using PCMLS as an *ex-vivo* model. Similar to *in vitro* model, gene expression data on PCMLS revealed that, all fibrotic cascade genes were highly up-regulated in TGF-β control. BCA (20 µM) treatment showed significant (*p* \< 0.001) down-regulation of all fibrotic genes ([Fig. 5](#fig0005){ref-type="fig"} A-F). In contrast to fibroblast cells, in PCLMS derived cells, we investigated the E-cad gene expression to assess the reversal of EMT, E-cad levels were down-regulated upon TGF-β1 stimulation and BCA treatment rescued the same ([Fig. 5](#fig0005){ref-type="fig"}G). Further, immunofluorescence results ([Fig. 5](#fig0005){ref-type="fig"}H-J and S6A-B) revealed that, FN-I, COL1A1 levels were significantly (*p* \< 0.01) attenuated and E-cad levels were elevated upon BCA treatment in *ex vivo* test system.Fig. 5Role of BCA on TGF-β-induced fibrotic genes/markers expression in PCMLS:PCMLS were pre-treated with BCA for 2 h, thereafter rTGF-β (mouse) added to the cells and cultured for 72 h. Further, PCMLS were subjected to RT-qPCR for the specified transcripts. A-G) Gene expression analysis.  Graphs in panels represent fold change in gene expression normalized to GAPDH. PCMLS derived cells were subjected to immunofluorescence analysis for H) FN-1, I) COL1A1 and J) E-cad. Results were shown as Mean ± SEM, *n* = 3. ∗ *p* \< 0.05, ∗∗ *p* \< 0.01, ∗∗∗ *p* \< 0.001.Fig 5

BCA treatment attenuated the expression and function of fibrotic markers through TGF-β/Smad signaling {#sec0022}
-----------------------------------------------------------------------------------------------------

To validate the smad2 and smad7 mRNA results obtained in [Fig. 4](#fig0004){ref-type="fig"}, protein expression analysis for phospho-smad3 was performed upon TGF-β challenge. Western blot analysis revealed that TGF-β treatment increased the expression of phospho-Smad3 in LL29 and PCMLS cells ([Fig. 6](#fig0006){ref-type="fig"} A-B and 6E-F). BCA treatment significantly (*p* \< 0.01) reduced the expression of phospho-smad3 in a dose dependent manner. Interestingly, the elevated expression of smad7 ([Fig. 4](#fig0004){ref-type="fig"}M, N and O), which inhibits p-Smad3, was increased following BCA treatment. Therefore, we speculate that up-regulation of Smad7 is a potential intermediate mechanism for the down-phosphorylation of Smad3 by BCA. Therefore, the anti-fibrotic activity of BCA could be due to modulation of smad7/p-smad3 regulation in IPF cells. As a consequence of phospho-smad3 up-regulation, FN-1 and α-SMA levels were also significantly (*p* \< 0.001) up-regulated upon TGF-β1 stimulation however, BCA treatment attenuated the elevation of FN1- and α-SMA ([Fig. 6](#fig0006){ref-type="fig"}C-D and 6G-H). On the other hand, E-cad expression (PCMLS) was slightly reduced in TGF-β1 control, surprisingly, BCA treatment rescued the E-cad expression in PCMLS ([Fig. 6](#fig0006){ref-type="fig"}E and I).Fig. 6BCA treatment attenuated the expression and function of pro-fibrotic markers through TGF-β/smadsignaling cascade: LL29 cells or PCMLS were pre-treated with BCA for 2 h, thereafter rTGF-β added to the cells and cultured for 72 h. Further, cells were subjected to immunoblot analysis A and E) Immunoblot for specified antibodies. The graphs represent densitometric quantification for the specified proteins in B-D) LL29 and F-I)PCMLS. J-M) After attaining 100% confluency of NHLF, PCMLS derived cells, LL29 and DHLF cells, cells were pre-treated with BCA for 2 h and then scratch was made, thereafter cells were cultured for 72h in presence or absence of rTGF-β1. The graphs represent time kinetics of wound confluence percentage, calculated by image J software Results were shown as Mean ± SEM, *n* = 3. ∗ *p* \< 0.05,∗∗ *p* \< 0.01,∗∗∗ *p* \< 0.001.Fig 6

To corroborate gene/protein expression data with functional activity of EMT, scratch assay was performed using NHLF, PCMLS derived cells, DHLF and LL29 cells. BCA attenuated the TGF-β induced cell migration ([Fig. 6](#fig0006){ref-type="fig"}J-M and S7A-D) in a concentration dependent manner. Hence, these results indicated that, BCA treatment not only inhibits the expression of fibrotic cascade of genes (EMT, ECM and Collagen) but also attenuates the functional activities of fibrotic genes.

BCA attenuated BLM-induced pulmonary fibrosis in rats {#sec0023}
-----------------------------------------------------

To further evaluate the anti-fibrotic activity of BCA in *in vivo* system, we employed widely used BLM induced pulmonary fibrosis model in rats. After 14 days of bleomycin administration by intratracheal route, rats were (orally) treated with BCA-5 mg/kg or BCA-10 mg/kg or pirfenidone-50 mg/kg for a period of 14 days as described in schematic plan ([Fig. 7](#fig0007){ref-type="fig"} A). Pro-inflammatory markers such as ALP and LDH levels were significantly increased in BLM control samples, upon treatment with BCA or pirfenidone, ALP ([Fig. 7](#fig0007){ref-type="fig"}B) and LDH ([Fig. 7](#fig0007){ref-type="fig"}C) levels were reduced in a dose dependent manner. Further, neutrophil infiltration and WBC count was measured in all the BALF samples of rats, elevated levels of neutrophil and WBC was observed in BLM control group and those levels were reduced significantly (*p* \< 0.01, *p* \< 0.001) in BCA-10 mg/kg treatment group ([Fig. 7](#fig0007){ref-type="fig"}D and E). Treatment with pirfenidone reduced the BLM elevated WBC count, however, neutrophil levels were unchanged in BALF samples. BCA or pirfenidone treatment markedly ameliorated the BLM induced increase in lung index ([Fig. 7](#fig0007){ref-type="fig"}F) and collagen levels (Hydroxy proline) in the lung tissues ([Fig. 7](#fig0007){ref-type="fig"}G). Taken together, these results revealed that BCA treatment could potentially attenuate the BLM-induced infiltration of inflammatory cells and degree of fibrosis in lung tissues compared to pirfenidone treatment.Fig. 7Protective role of BCA on BLM-induced pulmonary fibrosis: A) Schematic representation of BLM Induced pulmonary fibrosis. Post bleomycin (BLM) instillation, rats were orally treated with BCA (5 mg/kg), BCA (10 mg/kg), pirfenidone (50 mg/kg) for a period of two weeks. BLM group and sham control animals received vehicle suspension and saline respectively. After the treatment period, rats were anesthetized and BALF fluid and lung tissue was collected. B) Alkaline phosphatase C) and lactate dehydrogenase (LDH) levels were measured in BALF D) neutrophil count and E) WBC count was estimated in BALF. F) Lung index G) Hydroxyproline content. Data was shown as Mean ± S.E.M (*n* = 4). \* *p* \< 0.05, \*\* *p* \< 0.01 *vs*. BLM group.Fig 7

BCA treatment attenuated the fibrotic marker\'s expression by modulating the TGF-β/Smad pathway in *in-vivo* {#sec0024}
------------------------------------------------------------------------------------------------------------

Elevated expression of TGF-β and fibrotic markers were observed in BLM control samples, on the other-hand, BCA treatments significantly attenuated the BLM induced TGF-β gene expression ([Fig. 8](#fig0008){ref-type="fig"} A) and expression of other fibrotic markers (α-SMA, CTGF, TIMP-I, COL1A1, COL3A1 and FN-I) in a dose dependent manner ([Fig. 8](#fig0008){ref-type="fig"}B-G). Pirfenidone treatment reduced the expression of TGF-β and other fibrotic genes but failed to show a significant reduction of COL1A1 and COL3A1 when compared with BLM control. BCA treatment reversed the BLM induced reduction of E-cad levels in both the treatment groups ([Fig. 8](#fig0008){ref-type="fig"}H), but E-cad levels remained low in pirfenidone treatment. In addition to gene expression data, protein expression analysis also revealed that, BCA treatment significantly (*p* \< 0.001) reduced the BLM induced phospho-smad3, α-SMA and FN-I expression in lung samples ([Fig. 8](#fig0008){ref-type="fig"}I-L). These measures correlate with *in-vitro* investigations of BCA in IPF cells, hence, these results strongly demonstrate the anti-fibrotic activity BCA in *in vitro* and *in vivo* models.Fig. 8BCA treatment attenuated the fibrotic marker\'s expression by modulating the TGF-β/smad pathway in in vivo: After treatment, lung tissues were collected and part of tissues was subjected for RT-qPCR or immunoblot analysis for the specified transcripts or antibodies respectively. A-H) Gene expression analysis I) Representative images of western blot, J-L) Graph represents densitometric quantification of the specified proteins; Results were shown as Mean ± SEM; *n* = 4. \* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001 *vs*. the BLM alone group.Fig 8

BCA treatment mitigated the BLM-induced pathological changes in lungs {#sec0025}
---------------------------------------------------------------------

Histopathological analysis by H&E (Fibrosis score) and Masson\'s trichrome staining (Ashcroft score) revealed that increased thickening in alveolar septa and collapse of alveolar spaces excess with proliferation of fibroblasts were observed in BLM group ([Fig. 9](#fig0009){ref-type="fig"} A). BCA and pirfenidone treatment ameliorated the BLM induced abnormal changes in the lungs (mild thickened alveolar walls), inflammatory cells infiltration and reduced deposition of collagen fibers compared to BLM control group ([Fig. 9](#fig0009){ref-type="fig"}A, B, F and G). In addition to histopathology, immunohistochemistry was performed to examine the expression of fibrotic markers in lung sections. BCA treatment reduced the expression of FN-I ([Fig. 9](#fig0009){ref-type="fig"}C and H), COL1A1 ([Fig. 9](#fig0009){ref-type="fig"}D and H) and increased the expression of E-cad ([Fig. 9](#fig0009){ref-type="fig"}E and H) compared to BLM group. These results indicate that, BCA treatment reduced the EMT progression and promoted the reversal of EMT by increasing the E-cad expression ([Fig. 9](#fig0009){ref-type="fig"}H). Collectively, *in-vivo* results demonstrated that, BCA could effectively protect the BLM-induced inflammation, fibrotic marker expression and pathological changes in lung tissues.Fig. 9Protective effect of BCA on bleomycin-induced pathological changesAfter treatment with BCA (5 mg/kg) or (10 mg/kg) or pirfinidone (50 mg/kg) vehicle, lungs were isolated and subjected for histopathology. A and B) Representative pictures (10 ×) of A) H&E-stained, B) Masson\'s trichrome-stained sections. The Black arrow points at typical areas of fibrosis, manifesting as group of cells with protruding cytoplasm (myofibroblasts). C, D and E) Immunohistochemistry for FN-I, COL1A1 and E-cad in lung sections. The black arrows at typical areas represent the increased expression of protein. Images were taken under original magnification 20 ×. Graphs in panels represent the score of F) Fibrosis and G) Ashcroft score, score numbers of 0--8, were evaluated by experienced pathologists in a blinded fashion. H) Table represents the semi-quantitative evaluation of protein expression (FN-I, COL1A1 and E-cad) in specified treatment groups. Data was expressed as Mean ± S.E.M. \* *p* \< 0.05; \*\* *p* \< 0.01; \*\*\* *p* \< 0.001 *vs*. the BLM alone group.Fig 9

Discussion {#sec0026}
==========

In humans, IPF is an aging-associated progressive disorder resulting from persistent damage to the alveolar epithelium followed by uncontrolled proliferation and differentiation of fibroblasts. Fibroblasts are converted to myofibroblasts and these myofibroblasts are responsible for the excessive proliferation, EMT, ECM production and lead to overlay the deposition of collagen in affected organs.

Biochanin-A is mainly found in red clover and is known to have various protective effects such as neuroprotective ([@bib0045]), anti-inflammatory ([@bib0021]) and antioxidant properties. BCA treatment showed significant anti-inflammatory effects via inhibition of NF-κB and MAPK as well as mitigating the release of inflammatory mediators in various disease models ([@bib0040]; [@bib0053]). BCA has demonstrated to have anti-cancer activity against different cancers ([@bib0035]),by inhibiting the proliferation of cells and EMT process ([@bib0047]). The main limitation of the BCA is its poor bioavailability and is also reported to undergo entero hepatic recirculation ([@bib0031]). We speculate that the increased mean residence time (MRT) due to entero hepatic recirculation might be responsible for therapeutic activity in long dosage schedules. Though anti-fibrotic activity of BCA against CCl~4~-induced hepatic fibrosis ([@bib0005]) was reported in earlier, mechanism of action was still unclear, our studydescribed the molecular mechanism of BCA against pulmonary fibrosis.

Since the pathophysiology of IPF is closely related to oxidative stress, inflammation and EMT processes, we speculated that, BCA may have protective effects against IPF because of its potent antioxidant ([@bib0038]) and anti-inflammatory properties. Our study first time demonstrated the anti-fibrotic activity of a BCA using IPF cells and primary human lung cells.

Reports on LL29, NHLF and DHLF cells regarding the expression of IPF markers are scanty. Therefore we investigated the basal expression of fibrotic (EMT, ECM, and collagen) markers with respect to the cascade of events in IPF. We observed that, majority of the markers which are known to over-express in IPF conditions were highly expressed in DHLF and LL29 cells compared to NHLF cells. Surprisingly, BCA treatment (without TGF-β stimulation) showed more specificity towards IPF cells by down-regulating the expression of fibrotic genes compared to normal cells ([Fig. 1](#fig0001){ref-type="fig"}). It indicates that BCA treatment has more affinity towards IPF cells or fibrotic gene over-expressed cells (exogenous stimulation).

Tanjore et al. 2009 reported that one-third of myofibroblasts were generated from Type-II lung epithelial cells through the process of EMT upon BLM treatment. Hence, targeting the EMT process would be beneficial for ameliorating the IPF. EMT can be activated by a plethora of cues such as hypoxia, TGF-β activation, receptor tyrosine kinases, Notch and Wnt pathways activation ([@bib0032]). Our results demonstrated that, BCA treatment significantly attenuated the expression of EMT genes and protein markers in both *in vitro* and *ex vivo* experiments ([Fig. 3](#fig0003){ref-type="fig"}).

In addition to an elevation of EMT gene expressions, TGF-β1 activation promotes cellular migration and invasion in various disease conditions ([@bib0043]). To corroborate the gene/protein expression data, a functional assay of EMT (Scratch assay) was performed which revealed that BCA treatment attenuated the TGF-β induced migration of cells in all cell types ([Fig. 6](#fig0006){ref-type="fig"}). Differentiation is mainly regulated by EMT and ECM markers which is characterized by persistence of fibroblast to myofibroblast conversion and its accumulation and in lung tissues ([@bib0006]). It was reported that, there is a close association with excessive inflammation, oxidative stress and abnormal EMT with IPF ([@bib0049]). Accumulating evidence suggests that, reactive oxygen species (ROS) as crucial conspirators in EMT engagement ([@bib0013]). Several studies ([@bib0023]; [@bib0050]) mainly investigated on the expression of EMT and collagen markers to evaluate the anti-fibrotic activity of test compounds. Since, BCA shows strong anti-oxidant property ([@bib0038]), we investigated the role of BCA against expression of EMT and ECM markers in IPF condition. Gene expression analysis of ECM markers (TIMP-I, TIMP-III and LOXL-2) revealed that BCA treatment significantly (*p* \< 0.01) abrogated the TGF-β mediated expression of ECM markers in a dose-dependent manner ([Fig. 3](#fig0003){ref-type="fig"}). CTGF plays a key role in pulmonary fibrosis by inducing the COL1A1 expression followed by improving the α-SMA levels in lung tissues through activation of JNK pathway ([@bib0022]). Our data showed that BCA treatment significantly reduced the expression of CTGF, COL1A1 and COL3A1 in normal and IPF cells ([Fig. 4](#fig0004){ref-type="fig"} and S4). It was reported ([@bib0001]) that, hypoxia induces fibroblasts proliferation and pulmonary fibrosis in mice lungs. In-refer to confirm the anti-fibrotic activity of BCA against hypoxia challenge, we investigated the expression of fibrotic markers under hypoxic condition. Interestingly, BCA treatment potentially attenuated the hypoxia-challenged fibrotic marker\'s expression in LL29 cells (Fig. S5).

Though, we used primary cells (NHLF and DHLF) and IPF cell lines to assess the anti-fibrotic activity of BCA, to confirm the anti-fibrotic activity in intact tissues, further experiments were performed using lung slices (PCMLS and PCLMS derived cells) where cells mimic-3D architecture and complex cellularity of the airways and parenchyma. Gene and protein expression analysis results revealed that BCA significantly decreased the TGF-β induced expression of fibrotic cascade markers in *ex vivo* model ([Fig. 5](#fig0005){ref-type="fig"}).

Various studies revealed that TGF-β could persuade Smad2/3 phosphorylation to promote fibroblast differentiation ([@bib0016]). It was also reported that, smad7 is an inhibitory Smad and plays a protective role in several inflammatory disorders by down regulating the phospho- smad3 ([@bib0054]). These evidences impelled us to focus on the impact of BCA on TGF-β/Smad signaling pathway. These results revealed that BCA treatment significantly increased the Smad7 levels and attenuated the expression of Smad2 mRNA levels (in all cell types) and phospho-smad3 protein in LL29 and PCMLS cells ([Fig. 6](#fig0006){ref-type="fig"}). The possible mechanism of the therapeutic effects of BCA on pulmonary fibrosis might be attributed to the inhibition of TGF-β/Smad3 signaling ([Fig. 2](#fig0002){ref-type="fig"}, [Fig. 3](#fig0003){ref-type="fig"}, [Fig. 4](#fig0004){ref-type="fig"}, [Fig. 5](#fig0005){ref-type="fig"}, [Fig. 6](#fig0006){ref-type="fig"}).

Further, we investigated the effect of BCA on widely used bleomycin induced pulmonary fibrosis in rats ([@bib0037]). *In vivo* results revealed that, the lung index was significantly increased in BML group and BCA treatment (5 mg/kg or 10 mg/kg) reversed the same significantly. BALF examination showed that inflammatory markers (ALP and LDH) and inflammatory cells (neutrophils count) were significantly reduced in BCA treatment compared to BLM control samples. Comparison of generation of inflammatory markers and infiltration of inflammatory cells between BCA and pirfenidone revealed that the former was superior in terms of inhibition of inflammatory markers (production) and the degree of cell infiltration, suggesting that, BCA represents a strong candidate for ameliorating IPF. These results show that BCA protects the lungs from BLM induced pulmonary inflammation ([Fig. 7](#fig0007){ref-type="fig"}).

BLM treatment is known to increase the inflammation and growth factor signaling in lung tissues. TGF-β1 induction upon BLM treatment which lead to stimulation of differentiation, proliferation, ECM production and collagen deposition in lung tissues by canonical signaling pathway. *In vivo* experiments clearly showed that, pirfenidone (50 mg/kg) could suppress the expression of TGF-β, and BCA (5 mg/kg or 10 mg/kg) treatment significantly reduced the expression of TGF-β as well at low dose in a dose dependent manner. Further, our results revealed that BCA treatment modulated the TGFβ/Smad axis and significantly reduced the expression of fibrotic markers (α-SMA, FN-I, CTGF, COL1AL, and COL3A1) in lung tissue samples ([Fig. 8](#fig0008){ref-type="fig"}). Treatment with pirfenidone did not significantly affect the COL1A1 and COL3A1 expression and failed to recover the synthesis of E-cadherin, this observations is in-line with previous studies([@bib0030]). Histopathological evaluation revealed that, BCA treatment significantly reduced the degree of pulmonary fibrosis in BLM-induced rats as represented by H&E and Masson\'s trichrome staining. Furthermore, BCA treatment significantly reduced the collagen deposition in lung sections by Ashcroft score analysis as evidenced in reduced hydroxyproline content in the lung tissues. In line with previous studies ([@bib0011]; [@bib0023])present study also assessed the FN-I and COL1A1 expression in lung tissues, in addition to that we have also assessed the E-cad expression to check the reversal of EMT, BCA treatment dramatically reduced the BLM elevated levels of FN-I and COL1A1 and improved the E-cad levels in lung tissues ([Fig. 9](#fig0009){ref-type="fig"}). Overall, our study revealed the therapeutic potential of BCA against pulmonary fibrosis by modulating the TGF-β mediated EMT**,** myofibroblasts differentiation and collagen deposition in IPF cells and bleomycin treated rats.

Conclusion {#sec0027}
==========

In conclusion, BCA mitigated the development and progression of pulmonary fibrosis by modulating the TGF-β/Smad3 pathway and ameliorating the fibrotic cascade of events. Further studies are warranted to improve bioavailability of BCA and to determine the in-depth mechanism of action of BCA in comparison to the FDA approved drugs to provide the potential clinical value of the biochanin-A against IPF.
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